Background-Parameters of cardiopulmonary exercise testing were recently identified as strong predictors of mortality in adults with congenital heart disease. We hypothesized that combinations of cardiopulmonary exercise testing parameters may provide optimal prognostic information on midterm survival in this population. Methods and Results-A total of 1375 consecutive adult patients with congenital heart disease (age, 33Ϯ13 years) underwent cardiopulmonary exercise testing at a single center over a period of 10 years. Peak oxygen consumption (peak V O 2 ), ventilation per unit of carbon dioxide production (V E/V CO 2 slope), and heart rate reserve were measured. During a median follow-up of 5.8 years, 117 patients died. Peak V O 2 , heart rate reserve, and V E/V CO 2 slope were related to midterm survival in adult patients with congenital heart disease. Risk of death increased with lower peak V O 2 and heart rate reserve. A higher V E/V CO 2 slope was also related to increased risk of death in noncyanotic patients, whereas the V E/V CO 2 slope was not predictive of mortality in cyanotic patients. The combination of peak V O 2 and heart rate reserve provided the greatest predictive information after adjustment for clinical parameters such as negative chronotropic agents, age, and presence of cyanosis. However, the incremental value of these exercise parameters was reduced in patients with peak respiratory exchange ratio Ͻ1.0.
A dults with congenital heart disease (CHD) are at increased risk of mortality and morbidity. 1, 2 Cardiopulmonary exercise testing (CPX) has emerged as an important tool for risk stratification and may guide clinicians in assessing prognosis and planning interventions. 3 Although various studies have linked individual parameters of CPX such as peak oxygen consumption (peak V O 2 ), heart rate increase during exercise, and ventilatory efficiency to prognosis in adult CHD patients, 4 -6 it remains uncertain how best to apply these parameters in clinical practice. In particular, it is unclear how these parameters should be best combined to obtain prognostic information. Furthermore, no previous study has attempted to relate these parameters or an algorithmic combination of them directly to midterm survival rates in adults with CHD. Such information would be a useful adjunct to the clinician when assessing, for example, the risk of an intervention compared with an estimation of risk under conservative management. Available data using conventional statistical analyses are not particularly useful in this regard because they provide relative risk estimates rather than actual projected risk.
Furthermore, we investigated how exercise parameters can best be combined to predict midterm survival.
Methods
We retrospectively analyzed all CPX performed in adult CHD patients (Ͼ14 years of age) between January 1999 and December 2008 at the Royal Brompton Hospital, London, UK. Patients were referred for exercise testing as part of our routine clinical follow-up protocols. The study population comprised 1375 adult CHD patients with various diagnoses (Table 1 ). This study was approved by the local ethics committee.
Clinical Data
Demographic information, medication, and medical and surgical history refer to the time of exercise testing. We addressed only the first exercise test for those who underwent multiple tests. A main diagnosis was determined for all patients from hospital records. If Ͼ1 cardiac lesion was present, the lesion considered hemodynamically most significant was recorded as the main diagnosis. Patients with simple lesions were defined as those with an atrial or ventricular septal defect, patent ductus arteriosus, or aortic coarctation. Patients with complex cyanotic heart disease were those with a functionally univentricular heart without Fontan-type repair and those with unrepaired pulmonary atresia and aortopulmonary collateral arteries. Cyanotic patients were defined as those with oxygen saturation of Ͻ90% at rest or patients who were known to desaturate with exercise. Negative chronotropic agents were defined as ␤-blockers, nondihydropyridine calcium channel blockers, sotalol, and amiodarone.
Cardiopulmonary Exercise Testing
CPX was performed on a treadmill according to a modified Bruce protocol. 7 This includes a stage 0 in which patients walk at a velocity of 1 mph at a 5% gradient. All patients were encouraged to exercise to exhaustion. Ventilation, oxygen consumption, and carbon dioxide production were measured continuously with a respiratory mass spectrometer (Amis 2000; Innovision, Odense, Denmark), as described previously. 4 -6 Heart rate was measured by continuous ECG, and blood pressure was recorded manually by sphygmomanometry. Oxygen saturation was monitored con- 
Cardiopulmonary Parameters
Peak V O 2 was defined as the mean of the highest 2 consecutive values of 15-second averages of V O 2 . Percentage predicted V O 2 was calculated from the regression equations of Wasserman et al. 8 The ventilation per unit of carbon dioxide production (V E/V CO 2 slope) was obtained by linear regression analysis of the data acquired throughout the entire period of exercise. 6, 9 The ventilatory threshold (VT) was measured by the V-slope method supplemented by additional parameters such as change in respiratory exchange ratio, PETO 2 increase, and VE/V O 2 increase as suggested in previous publications. 8,10 -12 Heart rate reserve (HRR) was calculated as the difference between peak and resting heart rates. 5 Patients with a cardiac pacemaker or those who had sustained tachyarrhythmia or a higher degree of atrioventricular block during exercise testing were excluded from the HRR analyses. The maximal voluntary ventilation (MVV) was estimated by multiplying the forced expiratory volume in the first second (FEV 1 ) by 40. The breathing reserve was calculated from the following equation: Breathing reserve (%)ϭ100ϫ(MVVϪ peak minute ventilation)/MVV. 13 The respiratory exchange ratio (RER) was defined as the ratio of VCO 2 to V O 2 .
Follow-Up
All patients were followed up at the Royal Brompton Hospital. Survival status and time to death were assessed through the health service computer system, which is linked to a national database maintained by the Office of National Statistics. We opted to use all-cause mortality as our end point to eliminate any possibility of bias arising from incorrect classification of the cause of death.
Statistical Analysis
Categorical variables are presented as percent, and comparisons between groups were performed with 2 tests. Numeric variables are expressed as meanϮSD or median (interquartile range), and comparisons between groups were performed with the Wilcoxon ranksum tests.
Univariate Cox proportional hazards analysis was used to assess the association between variables and all-cause mortality. Significant parameters were subsequently included in a multivariate Cox regression model in a stepwise forward procedure. Model selection was performed by minimization of the Akaike information criterion, and retention criteria were set at PϽ0.05. To account for the potential confounding effect of negative chronotropic agents in analyses of HRR, analyses were performed both with stratification by the use of negative chronotropic agents and with exclusion of patients who were on such medications. Time-dependent receiver-operating characteristics (ROC) curves from censored survival data using the nearest neighbor estimator (the weighted Kaplan-Meier estimator) were used to compare the predictive value of variables at 5 years. 14 Sensitivity and specificity of a variable x (at a value of c) were calculated as follows: sensitivityϭ(PcϪSc)/(1ϪSt) and specificityϭ(StϪSc)/St, where Sc is the estimated 5-year survival rate in patients with the variable xϾc, St is the estimated 5-year survival rate in the whole population, and Pc is the proportion of patients with the variable xϾc. Cutoff values for variables were determined from the ROC curves so that the sum of sensitivity and specificity was maximized. 15 A random survival forest method was used to account for potential nonlinear effects of variables and to estimate midterm survival. 16, 17 The random survival forest method involves obtaining bootstrap samples from the original cohort and using each sample to compute a prediction model based on a splitting rule. Predicted survival for each patient was calculated from each model and averaged over each model. The prediction model was applied to the out-of-bag (OOB) data (ie, 36.7% of the whole data not used for model construction) to calculate the OOB concordant index (c index), a measure of model discrimination, which is conceptually similar to the area under ROC curve. The predictive value of each variable was assessed with minimal depth. 18 Variables with a large minimal depth split the decision tree near the terminal and thus are unlikely to greatly affect prediction, whereas those with a small minimal depth split the tree close to the root and are considered highly predictive. The variable importance represents another measure of the predictive value of a variable. It was calculated as the difference between the OOB c index obtained from the original OOB data and that obtained from the permuted OOB data, in which variables are randomly rearranged. 16 It thus tests how robust a variable is to random noise. A value of PϽ0.05 was considered statistically significant. Analyses were performed with R version 2.10.1 and the survival, survivalROC, gamlss, and randomSurvivalForest packages. 16, 17, 19, 20 Examples of R codes used for the statistical analysis are included in the online-only Data Supplement.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Baseline characteristics of the 1375 consecutive adult CHD patients are presented in Table 1 . Seventy percent of patients had undergone previous sternotomy, and 28% of patients had a history of thoracotomy (not mutually exclusive). Overall, 51% of patients were in New York Heart Association class I, 39% were in class II, and only 10% were in class III. The vast majority of patients (89%) were in sinus rhythm at the time of exercise testing. Nine percent of patients had a cardiac pacemaker. Cyanosis was present in 16.4% of patients, the majority of whom were those with Eisenmenger syndrome, followed by patients with a functionally univentricular heart who had not undergone a Fontan type of repair (Table 1) .
A gradual decline in percentage predicted peak V O 2 was observed across the spectrum of CHD ( Figure 1 ). The lowest values were found in patients with Eisenmenger syndrome, followed by those with complex cyanotic heart disease, with 81% and 60% having severe exercise limitation (Ͻ50% predicted peak V O 2 ), respectively. In comparison, only 19% of patients with simple lesions had severe limitation. VT was achieved by 81% of patients. Factors associated with failure to achieve VT included cyanosis (PϽ0.001) and New York Heart Association class III (PϽ0.001). The majority of patients terminated exercise because of fatigue (nϭ671) or dyspnea (nϭ484). Other reasons for test termination included dizziness (nϭ74), chest discomfort (nϭ48), relevant arrhythmias (nϭ35), ST-elevation on ECG (nϭ8), high or low blood pressure (nϭ7), or a substantial drop in oxygen saturation (nϭ3).
Exercise Parameters and Outcome
During a median follow-up period of 5.8 years (interquartile range, 3.3-8.2 years), 117 patients (8.5%) died. The causes of death included heart failure (nϭ41), sudden cardiac death (nϭ34), perioperative death (nϭ12), infection (nϭ5), pulmonary embolism (nϭ1), hemoptysis (nϭ1), brain hemorrhage (nϭ1), and malignancy (nϭ1). There were 21 unexpected out-of-hospital deaths for which we could not establish exact causes of death because no autopsy data were available. Table  2 illustrates mortality rates according to underlying diagnos-tic subgroup. Peak V O 2 , VT, HRR, and V E/V CO 2 slope were identified as univariate predictors of death on Cox proportional hazards analysis, whereas breathing reserve was not related to survival (Table 3 ). Other univariate predictors included age, resting oxygen saturation, and use of negative chronotropic agents.
To assess the impact of underlying diagnosis on the predictive value of parameters of CPX, hazard ratios were compared between diagnostic groups. Although confidence intervals (CIs) varied as expected because of group size and different numbers of events, the hazard ratios were similar between different diagnoses ( Figure 2 ). Peak V O 2 (mL ⅐ kg Ϫ1 ⅐ min Ϫ1 ) and percentage predicted peak V O 2 correlated strongly with each other (rϭ0.81, PϽ0.001). Therefore, we chose percentage predicted V O 2 for multivariate analysis because the area under the timedependent ROC curve was higher for percentage predicted V O 2 compared with the absolute value of peak V O 2 in predicting prognosis (area under the time-dependent ROC curve, 0.71 versus 0.68).
On multivariate Cox analysis stratified by the use of negative chronotropic agents, peak V O 2 (hazard ratio, 0.78 per 10% increase; 95% CI, 0.69 -0.90; PϽ0.001), HRR (hazard ratio, 0.85 per 10-bpm increase; 95% CI, 0.77-0.94; PϽ0.001), and resting oxygen saturation per 1% (hazard ratio, 0.96; 95% CI, 0.93-0.99; Pϭ0.009) emerged as independent predictors of mortality. The same independent pre- Subanalysis using the V E/V CO 2 slope up to the ventilatory compensation point instead of calculating the slope from entire exercise period was also performed. No major differences in the predictive value of these 2 methods of calculating V E/V CO 2 slope were found. Similar to the V E/V CO 2 slope calculated over the entire exercise period, the V E/V CO 2 slope calculated up to the ventilatory compensation point was a univariate predictor (hazard ratio, 1.03; 95% CI, 1.02-1.05; PϽ0.001) but not a multivariate predictor of outcome. Because the area under the timedependent ROC curve on ROC analysis was slightly higher for the V E/V CO 2 slope from the entire exercise period compared with the V E/V CO 2 slope up to the ventilatory compensation point (area under the time-dependent ROC curve, 0.68 and 0.61, respectively), we decided to use this parameter for all subsequent analyses.
Subgroup Analysis for Cyanotic Patients
Of the 225 cyanotic patients, 38 patients (16.9%) died during a follow-up period of 6.2 years (interquartile range, 3.4 -7.9 years). HRR was a univariate predictor of death both with stratification by the use of negative chronotropic agents (hazard ratio, 0.81 per 10 bpm; 95% CI, 0.70 -0.93; Pϭ0.004) and with exclusion of patients on negative chronotropic agents (hazard ratio, 0.78 per 10 bpm; 95% CI, 0.64 -0.94; Pϭ0.01). Other univariate predictors were peak V O 2 (hazard ratio, 0.77 per 10%; 95% CI, 0.63-0.95; Pϭ0.01) and resting oxygen saturation (hazard ratio, 0.93; 95% CI, 0.89 -0.97; PϽ0.001). V E/V CO 2 slope and VT were not related to outcome (Pϭ0.59 and Pϭ0.26, respectively). On multivariate analysis, HRR (hazard ratio, 0.83 per 10 bpm; 95% CI, 0.72-0.97; Pϭ0.02) and resting oxygen saturation (hazard ratio, 0.95; 95% CI, 0.90 -0.99; PϽ0.04) were independent predictors of death with stratification by the use of negative chronotropic agents. When patients on negative chronotropic agents were excluded, HRR was the only independent predictor of outcome.
Estimation of Midterm Survival With a Nonparametric Model
To account for nonlinear effects of variables on survival and interaction between variables, models based on a random survival forest were created. Estimated 5-year survival as a function of peak V O 2 , HRR, and V E/V CO 2 slope are provided in Figure 3 . The cutoff values of 64% for percentage predicted peak V O 2 and 71 bpm for HRR were suggested by time-dependent ROC as being optimal. Although the V E/V CO 2 slope was not found to be predictive in cyanotic patients, a higher V E/V CO 2 slope was related to increased risk of death in the noncyanotic cohort, with a V E/V CO 2 slope of 39 suggested as an optimal cutoff value on the basis of the results of time-dependent ROC analysis. Peak V O 2 and HRR were found to be predictive in both cyanotic and noncyanotic patients. HRR was related to outcome even in patients treated with negative chronotropic agents.
Peak V O 2 , HRR, use of negative chronotropic agents, age, and oxygen saturation at rest were identified as the strongest predictive markers on random survival forest analysis. The OOB c index for nested random survival forest models with variables ordered according to their predictive value is shown in Figure 4 . Although the top 5 variables improved the overall OOB c index and thus had complementary value in terms of prediction, others such as anatomic diagnosis did not add significantly to the accuracy of prediction. Based on a model using these 5 strongest variables, contour plots were constructed to provide estimated 5-year survival for different combinations of peak V O 2 and HRR ( Figure 5 ). OOB c indexes for random survival forest models using different combinations of variables were compared ( Table 4 ). The model containing only peak V O 2 , HRR, use of negative chrono- Hazard ratio for 10% increase in percentage predicted peak oxygen consumption (top) and 10-bpm increase in heart rate reserve (bottom) in different diagnostic subgroups. Hazard ratios for heart rate reserve were calculated after stratifying by the use of negative chronotropic agents. The horizontal lines represent the confidential interval for the hazard ratio for each anatomic subgroup. The width of diamonds corresponds to the confidence interval for the hazard ratio of the entire group. This figure illustrates that hazard ratios are similar between diagnostic groups, suggesting that these parameters provide similar prognostic information across different diagnoses.
tropic agents, and cyanosis achieved an OOB c index of 0.774, which was comparable to the best model using all of the top 5 variables (OOB c index, 0.784).
To further elucidate the effect of the exercise level on predictive value of CPX parameters, variable importance was compared between patients with low and high peak RER. As expected, the variable importance for peak V O 2 and HRR was smaller in patients with peak RER Ͻ1.0 compared with those with RER Ն1.0 (0.012 versus 0.072), suggesting that peak V O 2 and HRR in patients with low RER add little predictive information to pretest risk factors (ie, age, use of negative chronotropic agents, and low oxygen saturation). The same variables were identified as prognostic markers when patients with RER Ͻ1.0 were excluded from analysis.
Discussion
This study shows that peak oxygen consumption, HRR, and V E/V CO 2 slope are related to midterm survival in adult CHD patients. Although the V E/V CO 2 slope is not predictive of outcome in cyanotic patients, a high V E/V CO 2 slope is related to increased risk of death in noncyanotic patients. The combination of peak V O 2 and HRR provides the greatest predictive value in addition to readily available clinical parameters such as the use of negative chrono-tropic agents, age, and low oxygen saturation. Furthermore, our study suggests that the prognostic value of exercise parameters is compromised for patients unable to achieve a peak RER Ͼ1.0.
Consistent with the results of previous studies, 4 exercise capacity was found to be reduced in adult CHD patients (mean peak V O 2 , 66% of predicted value; Table 1 ). The degree of exercise limitation varied across the spectrum of adult CHD, with cyanotic patients representing the most limited subgroup (Table 1 and Figure 1) . The present study provides information on the distribution of percentage predicted peak V O 2 in different diagnostic subgroups from a large number of contemporary patients (Figure 1) . These data may be useful to clinicians for comparing the exercise capacity of a particular patient with that of patients in the same diagnostic group.
It has been argued that parameters that are largely effort independent such as VT or V E/V CO 2 slope may be better suited for estimating prognosis compared with peak V O 2 . 21 The V E/V CO 2 slope reflects ventilation-perfusion mismatch and derangement of peripheral and central chemoreceptors. 9, [22] [23] [24] [25] [26] [27] [28] The main advantage of the V E/V CO 2 slope lies in its robustness and the fact that it can be obtained reliably with submaximal exercise because the relationship between ventilation and carbon dioxide production is linear up to the ventilatory compensation point, which occurs after the VT. 29, 30 In contrast, peak V O 2 and HRR require maximal exercise tests and thus depend on patient effort. 31, 32 Perhaps surprisingly, in the present study, how-ever, these effort-dependent parameters were much stronger compared with the submaximal parameters (VT and V E/V CO 2 slope) in predicting outcome.
According to current guidelines for CPX, peak RER is the most accurate and reliable marker of adequate effort, and a peak RER Ͻ1.0 should generally reflect submaximal cardiovascular effort. 13 It has been suggested that the prognostic Figure 4 . Predictive value of variables. Variables are ordered by predictive value assessed with the minimal depth method according to nested random survival forest (RSF) models. Improvement in out-of-bag concordant index (OOB c index) was observed when the top 5 variables (F) were added to the models, whereas other variables (OE) did not further improve the accuracy of prediction. HRR indicates heart rate reserve; NCAs, negative chronotropic agents; Peak VO 2 , percentage predicted peak oxygen consumption; RER, respiratory exchange ratio; and VT, ventilatory threshold. Figure 5 . Estimated 5-year survival rate for different combinations of peak oxygen consumption and heart rate reserve. Fiveyear survival was estimated from the results of the random survival forest model with the use of peak oxygen consumption (peak V O 2 ), heart rate reserve, use of negative chronotropic agents, age, and oxygen saturation at rest. Estimated 5-year survival is illustrated as contour plots for different combinations of peak V O 2 and heart rate reserve. The contour plots are provided separately, depending on the presence of cyanosis and the use of negative chronotropic agents. value of peak V O 2 may be reduced in the presence of a low peak RER. 33 Consistent with these results, we found that an RER Ͻ1.0 was related to substantial reduction of the predictive value of peak V O 2 and HRR in the present study. Thus, although RER itself was not a strong predictor of survival, it affected the accuracy of the prediction based on parameters of CPX.
In the present study, 18% of patients failed to achieve VT. Factors affecting the ability to achieve VT were the presence of cyanosis and more pronounced heart failure symptoms. The precise mechanism by which cyanosis affects the achievement of VT is not well understood. 34, 35 Excessive ventilatory response and gas exchange abnormalities resulting from ventilatory-perfusion mismatch have been reported in cyanotic patients, which may result in ventilatory limitation during exercise. 6 Another possible cause of failure to achieve VT in an adult CHD population may be skeletal muscle deconditioning. There is evidence that adults with CHD are deconditioned as a result of inappropriate restriction from participation in physical activities. 36 -38 In fact, Greutmann et al 39 recently showed that the degree of respiratory and skeletal muscle weakness commonly present in adult CHD patients is comparable to that in patients with advanced heart failure in acquired heart disease. It is possible that patients with muscle weakness terminate CPX before the limits of the cardiovascular system are reached, which, in turn, would result in failure to achieve VT.
Chronotropic incompetence, a blunted increase in heart rate during exercise, is an established predictor of all-cause mortality in patients with ischemic heart disease 40, 41 and adults with CHD. 5 It has been suggested that HRR is related to autonomic dysfunction, neurohormonal activation, and cardiac arrhythmias. 5, [42] [43] [44] In acquired heart failure, chronotropic response has been shown to relate to outcome even in patients treated with ␤-blockers. 45 Our study demonstrates, for the first time in a congenital heart setting, that the prognostic value of HRR is maintained even in patients treated with medications affecting chronotropic response. The prognostic power of HRR may reflect the high predisposition to arrhythmic events and sudden cardiac death of the adult CHD population. 46, 47 Further studies are required to assess the relationship between HRR and sudden cardiac death, as well as other parameters of autonomic dysfunction (eg, heart rate variability and heart rate turbulence).
The present study reveals that the combination of peak V O 2 and HRR is a strong predictor of midterm mortality in adult CHD patients. We speculate that this can be explained, at least in part, by a synergistic effect of the prognostic value of peak V O 2 in predicting mainly heart failure-related death and that of HRR for arrhythmiarelated mortality. Because arrhythmia and heart failure are the 2 most common causes of death in the adult CHD population, 1 their combination is not only statistically significant but also theoretically appealing.
Cutoff values for CPX parameters in the present study were obtained from time-dependent ROC curve analysis. These cutoff values were related to a more pronounced decline in survival as estimated by the random survival forest model. Although using dichotomous cutoff values is clinically convenient, these cutoff values are, by necessity, artificial, and we contend that CPX parameters should be interpreted as continuous values. Furthermore, the prognostic value is greatest when parameters are interpreted in combination. To enable clinicians to estimate survival prospects for different combinations of peak V O 2 and HRR, we provide contour plots for midterm survival in Figure 5 .
Study Limitations
CPX was performed as part of our routine evaluation of patients in the adult CHD clinic. All patients were at a tertiary adult CHD center; therefore, it is possible that they may not represent the pattern of adult CHD that may exist in the community. Although this may affect the prevalence of exercise intolerance, it is unlikely to affect the relation between exercise parameters and outcome, which was the main aim of the study.
Assessing the prognostic value of CPX parameters in specific diagnostic subgroups of adult CHD was beyond the scope of this study. Other smaller studies have provided such information. We aimed to develop an algorithm applicable to all adult CHD patients independently of diagnosis. Although prognosis is undoubtedly influenced by the different pathophysiological mechanisms present in different diagnostic groups, the results of the present study support the notions that hazard ratios of CPX parameters are largely comparable across the spectrum of adults with CHD ( Figure 2 ) and that anatomic diagnosis has limited impact on estimates of survival as long as oxygen saturations are taken into account (Figure 4 ).
Conclusions
The combination of peak V O 2 and HRR as measured on CPX provides the greatest predictive information in addition to readily available clinical risk factors such as use of negative chronotropic agents, age, and low oxygen saturation in adults with CHD. Because CPX parameters are influenced by patient effort, prediction is more reliable when a peak RER Ͼ1.0 is achieved. Although the results of the present study require further external validation, this study provides estimates of 5-year survival based on CPX parameter for this growing population. 
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